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Obstructive sleep apnoea (OSA) is a common disease affecting at least 13% of adult men and 6% of adult women in the United States (Peppard et al. 2013) and is characterized by repetitive collapse (apnoea) or partial collapse (hypopnoea) of the pharyngeal airway during sleep (Sullivan & Issa, 1985; Guilleminault et al. 1986; Young et al. 1993; Hamilton et al. 2004) . Recent studies suggest that OSA is a multifactorial condition, and not just an anatomical problem (Wellman et al. 2011; Eckert et al. 2013) . Alongside anatomical vulnerability, at least three additional physiological traits interact to contribute to the development of OSA including (1) ineffective upper airway dilator muscles, (2) a low threshold for arousal from sleep, and (3) a hypersensitive ventilatory control system (i.e. high loop gain) (Dempsey et al. 2010) . In individual patients, the manifestation of OSA may be the result of one or more combinations of abnormalities, and thus multiple underlying causes may need to be addressed for sleep apnoea to be resolved.
Interestingly, recent evidence has questioned whether some of these traits such as a high loop gain are truly pathogenic (i.e. an intrinsic cause of OSA) or merely reflect a consequence of the disorder. Loop gain characterizes the sensitivity of the negative feedback system controlling ventilation and is defined as the size of a 'corrective' ventilatory response divided by the size of the ventilatory disturbance that elicits the correction (see Fig. 1) ; a large response to a small disturbance represents a system with a high loop gain. In favour of an elevated loop gain being an acquired condition (i.e. a consequence of disease) are two investigations whose findings demonstrate that treatment of OSA leads to major reductions in loop gain. Salloum et al. examined the effect of one month of nasal continuous positive airway pressure (CPAP) therapy on the components of the ventilatory control system -plant and controller gain -in a group of recently diagnosed and untreated severe OSA patients (Salloum et al. 2010) . They reported that one month of treatment led to reductions in the ventilatory sensitivity to CO 2 (i.e. controller gain), and thus loop gain (as plant gain remained unchanged), back to levels similar to healthy controls. In another study, Loewen et al. measured the dynamic ventilatory response to CO 2 in a group of severe OSA patients before and after one month of CPAP therapy (Loewen et al. 2009 ). Similar to the study by Salloum et al., Loewen et al. observed that ventilatory sensitivity to CO 2 was markedly diminished following CPAP therapy; taken together, such findings seem to suggest that a high loop gain is a consequence of OSA.
However, we would argue that the findings of these two investigations do not provide conclusive evidence that an elevated loop gain is solely a consequence of OSA. An important implication of the aforementioned studies is that one month of effective treatment was sufficient to reverse the consequences of disease and allowed an individual's 'intrinsic' physiology to be assessed. However, studies that have manipulated loop gain in CPAP-treated OSA patients have consistently shown that lowering the 'intrinsic' loop gain is associated with an improvement in OSA severity, highlighting the importance of loop gain as a cause of OSA. For instance, administration of oxygen, which is known to lower loop gain via reductions in controller gain, led to marked improvement in OSA among those patients with elevated loop gain at baseline (Wellman et al. 2008; Chowdhuri et al. 2010) . No such improvement was observed in patients with low loop gain, highlighting that the intrinsic elevation in loop gain (at baseline) was pathophysiologically important in some OSA patients. In addition to oxygen therapy, the administration of acetazolamide has also been shown to lower loop gain and OSA severity (Edwards et al. 2012 (Edwards et al. , 2013 . Furthermore, the use of cardiac resynchronization therapy as a treatment for congestive heart failure additionally improves OSA (Stanchina et al. 2007) . In this study, the observed improvement in OSA was strongly correlated with the improvement in circulatory delay, the effect of which is expected to decrease loop gain. Elevated loop gain may be critical to OSA pathogenesis in some patients, and will likely be dependent on the interaction with other pathophysiological traits that predispose towards apnoea. Depending on the underlying anatomy, loop gain can explain a large proportion of the variance in OSA severity (Wellman et al. 2004; Eckert et al. 2013) . Patients with extreme pharyngeal closing pressures (P crit ) were either protected (negative P crit ) or predisposed (positive P crit ) to apnoea based on intrinsic anatomy, whereas those with intermediate values were most susceptible to OSA if their loop gain was elevated.
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In order to reconcile the apparent disconnect between cause vs. consequence, we would offer our opinion that an elevated loop gain is an important cause of OSA, rather than simply a consequence. Loop gain is intrinsically elevated in some OSA patients and lowering loop gain leads to improvement in OSA (Younes et al. 2001; Eckert et al. 2013) . On the other hand, treating OSA also lowers loop gain, suggesting that the presence of OSA is also responsible for elevating loop gain. OSA-induced loop gain elevation could in fact be perpetuating further apnoea, in part causing the disease progression that is observed in some patients. The data regarding the progressive nature of OSA are mixed after controlling for changes in body weight, but clinical experience certainly suggests that occasional OSA patients do worsen over time (Fisher et al. 2002) .
Figure 1. Loop gain and its manipulation
Simplified block diagram of the respiratory control system. A ventilatory disturbance (change in expiratory minute ventilation, V E (disturbance), shown in blue) produces a change in alveolar P CO 2 ( P ACO 2 ). The amount of change in alveolar P CO 2 depends on the properties of the plant (which represents the lungs, blood and body tissues where CO 2 is stored). After a circulation delay, this P ACO 2 changes the P CO 2 at the chemoreceptors ( P crCO 2 , shown in red). This change in chemoreceptor P CO 2 produces a change in ventilation ( V E (response)) based on the sensitivity of the controller that acts to correct the initial disturbance. Loop gain, which takes into account the plant, circulation delay and the controller gain, is defined as the magnitude of the ventilatory response divided by the magnitude of the ventilatory disturbance. A large loop gain ratio indicates an unstable system prone to oscillations, and a low loop gain indicates a stable system. Note that oxygen reduces controller gain whereas acetazolamide reduces plant gain.
Moreover, disease progression from onset to established severe OSA clearly happens gradually, a process that may be a function of loop gain elevation. Thus, efforts to lower loop gain would be predicted to reduce the severity of OSA, as is observed by several interventional studies. We suggest that as with many physiological phenomena, a high loop gain is a 'double edged sword' for the OSA patient, particularly as it relates to effects on upper airway instability. On one hand, a high loop gain would be expected to increase robustly the output from the central pattern generator to the upper airway dilator muscles, which will in turn act to stiffen the airway, thereby preserving pharyngeal patency. Indeed, intermittent hypoxia can induce long-term facilitation, which may be one mechanism leading to increased upper airway motor tone in OSA patients during wakefulness (Mahamed & Mitchell, 2007; Mateika & Narwani, 2009 ). On the other hand, a high loop gain will also cause disproportionately large fluctuations in response to small disturbances in ventilation, which can contribute to upper airway compromise when output to these muscles is at its nadir. Of note, dynamic variability of upper airway mechanics itself can contribute to overall instability of ventilatory control. High ventilatory drive may also contribute to worsening inspiratory airflow with increasing driving pressure (i.e. negative effort dependence) Strohl et al. 2012; Horner et al. 2014; Owens et al. 2014) .
In summary, loop gain has clearly been shown to be important in OSA. While it can be said that an elevated loop gain is a consequence of OSA, we believe that it is best stated that loop gain is pathophysiologically important in the development of OSA, depending on its interactions with other individual characteristics. Recognizing that loop gain is a cause of OSA, and not simply a consequence, has important treatment implications. This understanding will hopefully allow clinicians to move beyond the 'one-size fits all' treatment approach of CPAP, and begin tailoring therapies that stabilize ventilatory control towards the one-third of OSA individuals with a hypersensitive feedback loop (Eckert et al. 2013; Jordan et al. 2014; Malhotra, 2014) .
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